Context: Most cases of autosomal recessive hypoparathyroidism (HYPO) are caused by loss-offunction mutations in GCM2 or PTH.
H ypoparathyroidism (HYPO) is an uncommon endocrine disorder characterized by hypocalcemia and hyperphosphatemia due to insufficient secretion of biologically active parathyroid hormone (PTH). Although neck surgery is the most common cause of HYPO, HYPO may have a genetic basis with autosomal dominant, autosomal recessive, or X-linked recessive transmission (1, 2) . These heritable forms of HYPO may manifest as an isolated endocrine disorder or may be only one component of a more complex syndrome [reviewed by Clarke et al. (2) ]. Molecular genetic studies of patients with isolated HYPO have identified pathogenic mutations in an increasing number of associated genes, including PTH (3-5), CASR (6), SOX3 (7), GCM2 (8) , and GNA11 (9-11), whereas mutations in GATA3 (HYPO, deafness, and renal dysplasia syndrome) (12) , TBCE or FAM111A (Kenny-Caffey syndrome) (13, 14) , AIRE [autoimmune polyendocrinopathy candidiasis ectodermal dystrophy or autoimmune polyglandular syndrome type 1 (APS-1) syndrome] (15, 16) , TBX1 (DiGeorge sequence) (17) , and CHD7 (CHARGE syndrome) (18) are associated with complex genetic syndromes in which HYPO is but one component.
The expanding role of gene-based diagnosis has greatly extended our appreciation of the highly variable manner in which many single-gene disorders can manifest clinical features and has highlighted the challenges of diagnosing complex disorders when a phenotype is restricted or partial. Here we describe the application of whole exome sequencing to identify the molecular basis for isolated HYPO in a large kindred that included three affected siblings who did not harbor mutations in the known genetic causes of isolated HYPO. Remarkably, we found that all affected subjects were compound heterozygotes for two previously described loss-of-function mutations in AIRE that have been identified in patients with typical APS-1 (OMIM #240300) (16, (19) (20) (21) . The lack of other APS-1 features in two of the three patients with HYPO that we describe, despite over 50 years of follow-up for each subject, provides compelling evidence that AIRE mutations can also cause isolated HYPO.
Subjects and Methods

Patients
This study included two affected brothers (II-1 and II-6) and their affected sister (II-11) as well as their unaffected parents (I-1 and I-2) and children (III-1, III-2, III-18, III-19, and III-20) (Fig. 1) , all of whom provided informed consent for participation in the study. The study was approved by the institutional review board at The Children's Hospital of Philadelphia. We isolated genomic DNA from blood or saliva obtained from the study subjects. The affected subjects were diagnosed with HYPO at the ages of 2 (proband, II-1), 5 (brother, II-6), and 7 (sister, II-11) years and are now aged 63, 57, and 53 years, respectively (Table 1) . At diagnosis, all subjects had low serum concentrations of calcium and PTH and elevated serum concentrations of phosphate. The earliest available laboratory data for II-1 (1995) showed serum intact PTH ,12.7 pg/mL, ionized Ca 1.04 mmol/L (1.17 to 1.31), and phosphate 5.4 mg/dL (2.3 to 4.3); 1988 data for II-2 showed serum c-terminal PTH 51 pg/mL (50 to 340 pg/mL), calcium 7.9 mg/dL, and phosphate 4.7 mg/dL; and 1998 data for II-11 showed intact PTH ,1 pg/mL, calcium 6.9 mg/dL, and phosphate 6.8 mg/dL while on treatment with ergocalciferol and calcium supplements, although compliance may have been poor. To date, the two brothers have had no clinical or biochemical features of additional endocrine, autoimmune, or developmental disorders, and all are in good health. The sister developed premature ovarian failure at age 33 years and was treated with estrogen/progestin hormone replacement therapy for 10 years. The proband has had temporal lobe seizures after developing acute meningitis as a child. The two brothers have been treated with high-dose ergocalciferol since diagnosis, and the sister was treated with calcitriol and more recently with recombinant human PTH 1-84. There is no history of renal stones.
Immunological analyses
Serum from all three patients was tested for autoantibodies to thyroid peroxidase antigen, thyroglobulin, intrinsic factor, tissue transglutaminase, adrenal steroid 21-hydroxylase, islet cells, and glutamic acid decarboxylase 65 (GAD65) by standard techniques at commercial reference laboratories. Antibodies to interferon (IFN)-a and NACHT leucine-rich-repeat protein 5 (NALP5) were assayed by radioligand binding assay. In brief, IFN-a and NALP5 proteins were radiolabeled with 35 S-methionine using the TNT system kit (Promega) and purified using Sephadex G-25 DNA-grade columns. Radiolabeled proteins were incubated with serum samples in duplicate and then immunoprecipitated with protein A/G beads. The radioactivity was measured using a liquid scintillation counter. Each assay also included sera from normal control subjects and patients with APS-1. An antibody to each antigen target (IFN-a, Abcam; NALP5, Santa Cruz Biotech) was used as the positive control, and the negative control was without antibody. The index was calculated as [counts per minute (CPM) of test serum -CPM of negative control] 4 (CPM of positive control -CPM of negative control). An index .3 standard deviations above the mean value of the normal control sera was considered positive as it represents values outside of the 99.7% range.
Exome sequencing and bioinformatic analysis
We performed exome capture and sequencing as well as read processing, mapping to human genome reference hg19, variant calling, annotations, and filtering for rare variants affecting the coding sequence and/or consensus splice sites as previously described (11) . Because the family pedigree suggested an autosomal recessive mode of inheritance, we only considered nonsynonymous, splice-altering variants, and frameshift variants that co-segregated with the disease in the family with a minor allele frequency #1% in public databases (i.e., 1000 Genomes Project and NHLBI ESP6500SI). Subsequent gene prioritization was performed on the basis of deleterious predication and biological and clinical relevance by referring to existing databases [i.e., Online Mendelian Inheritance in Man (OMIM) and Human Gene Mutation Database].
Results
Genetic analyses
Analysis of candidate genes CASR, PTH, SOX3, GCM2, and GNA11 was performed by Sanger sequencing of the exons and exon-intron boundaries but failed to identify any disease-causing mutations. Whole exome sequencing followed by confirmatory Sanger sequencing revealed compound heterozygous mutations, c.967_979delCTGTCCCCTCCGC:p.(L323SfsX51) and c.995+(3_5)delGAGinsTAT, in AIRE (MIM: 607358; NM_000383.3) in all three affected patients. Each parent carried one mutant allele, and all of the children of the three affected subjects were either heterozygous for one mutation or wild type (Fig. 1) . The 13-base pair (bp) deletion has been observed in about half of reported patients with APS-1 from many different geoethnic origins (16, 20, 22) , whereas the splicing mutation was found in only two Italian patients with the classic features of APS-1 (21) . The concurrence of these two mutations in a single subject has not previously been described. In addition, the heterozygous carriers of one AIRE mutation had no evidence of endocrine or autoimmune disease in this kindred.
Biochemical and immunological studies
Although these patients harbored mutations in AIRE, which is known to predispose to autoimmunity, only one of the three siblings developed an additional APS-1-associated feature (i.e., premature ovarian failure). All three patients lacked clinical or biochemical signs of thyroid or adrenal insufficiency, mucocutaneous candidiasis, or ectodermal dysplasia. To determine whether these patients harbored subclinical autoimmune features, we also tested them for the presence of specific tissue autoantibodies. Conventional autoantibodies against thyroid and intestinal antigens were negative in all three siblings ( Table 1 ). The two older brothers (II-1 and II-6) are also negative for assayed autoantibodies against adrenal and parietal cells. The proband (II-1) had positive antibodies to GAD65 and islet cells, whereas his brother (II-6) had negative results. Autoantibodies to type 1 IFNs (23, 24) and NALP5 (25) have been previously linked to HYPO and/or APS-1. Serum samples were available from only the two affected brothers and were positive for IFN-a antibodies but negative for the NALP5 antibody (Fig. 2) .
Discussion
Mutations in AIRE are typically associated with APS-1, a highly complex syndrome that is diagnosed by the presence of two or more of the three major features, which usually appear in a characteristic temporal sequence: mucocutaneous candidiasis, HYPO, and Addison's disease. In addition, patients commonly manifest other features that indicate APS-1 is a generalized disturbance in autoimmune regulation, including hepatitis, keratitis, periodic rashes with fever, intestinal malabsorption, severe obstipation, alopecia, vitiligo, hypogonadism, hypothyroidism/hyperthyroidism, type 1 diabetes, pernicious anemia, dental enamel hypoplasia, or nail pitting (15, 16, (20) (21) (22) (26) (27) (28) . AIRE encodes a transcription factor that functions as an important regulator in thymic epithelial cells. AIRE induces expression of important "self" identity proteins in the thymus (i.e., "tissue-restricted antigens"), and T cells that respond to those proteins are eliminated in the thymus through apoptosis, hence avoiding autoimmune disorders (20, 29) . The loss of AIRE is associated with autoimmune attack against many tissues and the generation of many autoantibodies, including type 1 IFN-specific autoantibodies (24) . Autoimmune regulator (Aire)-deficient mice and humans have circulating autoantibodies against a multitude of organs and multiorgan autoinflammatory infiltrates. Recent studies have shown that B lymphocytes, the source of these circulating autoantibodies, are required for Aire-deficient mice to develop fulminant infiltrates. Remarkably, although the autoantibodies are not directly pathogenic, the B cells play a critical early role in T cell priming or expansion (30) . Hence, it is reasonable to hypothesize that the lack of AIRE results in survival of autoreactive T cells that could react with a parathyroid protein and destroy the parathyroid glands. The primary target antigen in the parathyroid remains unknown; however, it is unlikely to be NALP5 (see later).
More than 100 different mutations of AIRE gene have been identified in patients with APS-1 (31); in most cases inheritance is autosomal recessive, but in some patients an autosomal dominant mode of inheritance has also been described (32) . Most AIRE mutations are located at four mutational hotspots: in exon 2, where a putative homodimerization domain is localized; in exon 6, between the SAND domain and the first PHD-finger motif; in exon 8, in the coding region for the first PHD-finger; and in exon 10, between the first and the second PHDfinger (20) . Two mutations in exon 6 and 8 are the most frequent in North America and in most of Europe: R257X in exon 6 changes an arginine codon to a stop codon at amino acid position 257, which encodes a truncated, nonfunctional protein of 256 amino acids. The second common mutation is the 13-bp deletion in exon 8 present in the kindred we describe, which causes a frameshift that generates a truncated protein without any PHD fingers. The second AIRE variant that we identified in our kindred is a complex mutation, c.995+(3_5)delGAGinsTAT (IVS8 + (3_5)delGAGinsTAT), that is predicted to damage the splice donor site, which would either eliminate exons encoding the PHD fingers from a transcript or more likely lead to a premature termination codon and nonsense-mediated decay. This variant has been previously reported in two subjects with complete APS-1 who also carried a second mutation (21) . Hence, both of the mutations that we have identified in affected members of this kindred are pathogenic and have been shown to produce the complete form of APS-1 in other subjects. The initial manifestation of APS-1 usually occurs in childhood, and expression of the other main features usually follows within the first two decades of life. APS-1-associated diseases continue to appear at least until the fifth decade of life. It has been suggested that the earlier the first component appears, the more likely it is that multiple manifestations of APS-1 will develop (27) . Thus, it is uncertain why two of the three patients that we described have such a limited manifestation of APS-1. One speculation would be that the genetic background in these patients presented here affords some protection against the other components of APS1 (e.g., the notable HLA haplotype, DRB1*15:01-DQA1*01:02-DQB1*06:02, which protects from type 1 diabetes development). However, our exome sequencing revealed that both brothers have DRB*01:01-DQB1*05:01-DPB1*10:01 and DRB*13:01-DQB1*06:03-DPB1*03:01 haplotypes, whereas the sister has DRB*01:01-DQB1*05:01-DPB1*10:01 and DRB*11:04-DQB1*03:01-DPB1*129:01 haplotypes, neither of which has been implicated in association with protection of type 1 diabetes in white subjects. Another speculation is based on the notion that environmental triggers contribute to the development of specific autoimmunities. Accumulated evidence indicates that close interplay between environmental factors and genetics is responsible for the loss of immunological tolerance and autoimmunities (33, 34 ) (e.g., a search on PubMed using the term "association between virus and type 1 diabetes" produces more than 200 publications). Similarly, both genetic and environmental factors have been implicated as the basis for the variable Aire-deficient phenotype in mice, in which targets and severity vary with the genetic background, implicating "modifier" genes (35) . Finally, the phenotype and pattern of disease patients with APS1 may reflect stochastic effects. Overall, it is possible that organspecific pathology results from a threshold of reactivity in the antigen receptor repertoires of T and B lymphocytes. In this respect, the near-constant development of HYPO in APS1 would suggest that parathyroid involvement occurs at a very low threshold and represents a very mild expression of the disease. As next-generation sequencing leads to identification of additional families with isolated features of APS1, it will eventually become possible to isolate these variable underlying mechanisms.
The association of AIRE mutations with isolated HYPO is quite unusual, and the kindred we describe is unique due to the ages of the affected subjects and the duration of medical surveillance. Previous studies have described young patients with apparent isolated HYPO in association with AIRE mutations. Cervato et al. (36) described two unrelated children, aged 4 and 5 years, with biallelic AIRE mutations who lacked features of other APS-1 components but were similar to our patient were both positive for IFN antibody (i.e., IFN-v). Eyal et al. (37) described two siblings with HYPO and biallelic AIRE mutations, but only the brother, aged 15 years, lacked additional clinical features of APS-1. Furthermore, Sahoo et al. (38) described three patients with HYPO and biallelic AIRE mutations; the youngest died of uncertain causes at age 7 years; a second adult patient subsequently developed premature ovarian failure; and a third, aged Figure 2 . Analysis of IFN-a and NALP5 autoantibodies. Sera from patients (II-1 and II-6), normal control subjects, and patients with APS-1 were tested for the presence of autoantibodies to IFN-a (a) and NALP5 (b). Sera were tested in duplicate. Dotted line represents 3 standard deviations above the mean value of the normal control sera. 39, had been followed for only 2 years. Similarly, isolated HYPO has been described in two unrelated girls, aged 14 and 5 years, with dominant negative AIRE mutations and apparently isolated HYPO (39) . The young age of these patients and/or relatively brief duration of follow-up makes it difficult to predict whether they will develop additional features of APS-1 because components of APS-1 continue to manifest until the fifth decade of life (26) (27) (28) . The strength of our study is the long duration of follow-up in our cases. Specifically, two of the three adult patients that we describe in this kindred are unique in that they all manifest a similar phenotype of isolated HYPO and have failed to develop any other clinical features of APS-1 with over 50 years of medical surveillance each: the proband (II-1) in our study is 63 years old, and his brother (II-6) is 57 years old. Although the sister (II-11) had developed premature ovarian failure, it is unlikely that at age 53 years she will develop additional features of APS-1. Indeed, results from the biggest cohort of APS-1 indicate that by age 50 years 100% of AIRE-associated patients have candidiasis, 88% have HYPO, and 84% have adrenal insufficiency. Moreover, about one-third have alopecia, vitiligo, or pernicious anemia, and about one-quarter have severe obstipation, chronic diarrhea, hepatitis, or keratoconjunctivitis (26) . The weakness of our study is the small number of subjects that we report. Nevertheless, AIRE mutations may be present in up to 10% of patients with isolated HYPO (38) .
Finally, we note that serum from the two available affected patients in this family have IFN-a antibodies despite lacking other features of APS-1. To date, all patients with APS-1 who have been analyzed are positive for high-titer IgG auto-antibodies against type 1 IFNs, and these antibodies are not present in heterozygous carriers of AIRE mutations or in people with other endocrine disorders (22, 23) . In the absence of thymoma or myasthenia gravis, IFN-a and IFN-v autoantibodies appear to have nearly 100% sensitivity and specificity for AIRE mutations (40) . By contrast, antibodies to NALP5, previously proposed as a useful indicator of parathyroid autoimmunity in APS-1, were absent in our patients, suggesting that this autoantibody is not a very sensitive marker for HYPO (41, 42) . By contrast, our data confirm an association between IFN antibodies and isolated HYPO due to biallelic mutations in AIRE and suggest that testing patients with unexplained HYPO for type 1 IFN antibodies can be a useful preliminary screen prior to proceeding to genetic analyses.
In summary, this report refines the phenotypic spectrum of clinical and endocrine abnormalities associated with mutations in AIRE and extends the number of candidate genes that can cause isolated HYPO.
